P(3HB-co-4HB) copolymer was modified using collagen by adapting dual solvent system. The surface properties of samples were characterized by Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), organic elemental analysis (CHN analysis), and water contact angle measurements. The effects of collagen concentration, scaffold thickness, and 4HB molar fraction on the hydrophilicity were optimized by the Taguchi method. The orthogonal array experiment was conducted to obtain the response for a hydrophilic scaffold. Analysis of variance (ANOVA) was used to determine the significant parameters and determine the optimal level for each parameter. The results also showed that the hydrophilicity of P(3HB-co-4HB)/collagen blend scaffolds increased as the collagen concentration increased up to 15 wt% with a molar fraction of 50 mol% at 0.1 mm scaffold thickness. The biocompatibility of the P(3HB-co-4HB)/collagen blend surface was evaluated by fibroblast cell (L929) culture. The collagen blend scaffold surfaces showed significant cell adhesion and growth as compared to P(3HB-co-4HB) copolymer scaffolds.
Introduction
Over the years, considerable effort has been channeled in developing scaffolds for tissue engineering using biodegradable and biocompatible polymeric materials. Ideally, a scaffold should mimic the structure and biological function of native extracellular matrix (ECM) proteins, which regulate cellular activities [1] .
Biopolymers which are nontoxic, noncarcinogen, nongenotoxic, and biocompatible are favoured and have been widely studied for applications in tissue engineering [2] .
Among the variety of biopolymers tested, poly(3-hydroxybutyrate-co-4-hydroxybutyrate) [P(3HB-co-4HB) ]P(3HB-co-4HB) derived from microorganisms is a biocompatible material that has gained attention [3, 4] . Despite possessing desirable mechanical and physical properties, these materials have one major drawback whereby the surface of P(3HB-co-4HB) is hydrophobic with no recognition sites for cell attachment that limits the applicability in the tissue engineering field [5, 6] . Therefore, surface modifications by blending collagen to further enhance cell adhesion have been studied.
Collagen has been considered as a biomaterial for medical applications as it exhibits biodegradability, low antigenicity, negligible cytotoxicity, and the ability to support cell growth [7] . Collagen contains the peptide sequence Arg-Gly-Asp [RGD] that can be recognized by the cell surface and allows the attachment of native tissue cells to ECM that are composed of fibril proteins [8] . Blending collagen with other polymer materials may result in better properties that are more favourable for medical applications. The RGD peptide sequence found in collagen is the minimal cell-recognizable sequence found abundantly in ECM [8, 9] .
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In the present work, P(3HB-co-4HB)/collagen blend scaffold was prepared by facile blending via solvent casting adapting a dual solvent system to improve the hydrophilicity of P(3HB-co-4HB). The dual solvent system prevents the use of toxic solvents which are commonly used in polymer blending [10] . The effects of collagen concentration, scaffold thickness, and 4HB molar fraction on the hydrophilicity were optimized by the Taguchi method and significant parameters and optimal level for each parameter determined. In order to assay the cytocompatibility and cell behavior of P(3HB-co-4HB)/collagen scaffold, murine fibroblast cells, L929, were used to evaluate the cell attachment. Incorporating collagen onto the surface of P(3HB-co-4HB) may give new and interesting properties for applications in tissue engineering.
Experimental
2.1. Materials. The P(3HB-co-4HB) copolymers (20, 35, 50 , and 82 mol%) used in this study were synthesized using wildtype and transformant strains of Cupriavidus sp. USM1020 isolated from Lake Kulim, Malaysia, in a 20 L fermenter as previously described [11] . Collagen powder from Tilapia fish skin (Hainan Zhongxin Chemical Co., Ltd., China) with high purity (95%) and molecular weight of less than 3000 Da was used. Solvents, chloroform and glacial acetic acid, were bought from R&M Chemicals, United Kingdom.
Removal of Endotoxins Using Oxidizing Agents.
Inactivation and removal of endotoxins were achieved by using hydrogen peroxide, as stated previously [12] . The copolymer P(3HB-co-4HB) produced was dissolved in chloroform 2% (w/v) at 60 ∘ C. Three aliquots of 55 L/g of hydrogen peroxide solution (30% in water) were added to the solution at intervals of 20 minutes at 60 ∘ C. The polymer solution was cooled and the copolymer was precipitated using methanol. The endotoxin levels were tested using E-TOXATE Kits (SigmaAldrich).
Fabrication of P(3HB-co-4HB)/Collagen Blend Scaffolds by Facile Blending.
Collagen powder of different weight ratios (5, 10, and 15 wt%) was dissolved in glacial acetic acid solution (8 wt%). An amount of 0.42 g or 0.83 g which was previously optimized weight of P(3HB-co-4HB) copolymer was dissolved in 15 or 20 mL of chloroform and collagen solution was added under vigorous stirring. The solution was poured into glass Petri dish (diameter of 5 cm) as a casting surface. The scaffolds were then air-dried (24 h) and later vacuum-dried for 48 h using BINDER GmbH VD 23 (BINDER GmbH, Germany) to remove any remaining solvent. The thickness of the scaffolds was measured using Teclock dial thickness gauge (Teclock, Japan). Scaffolds in thickness of 0.1 mm (prepared using 0.42 g) and 0.2 mm (prepared using 0.83 g) were formed.
Fourier Transform Infrared (FTIR) Spectroscopy.
The FTIR spectroscope (Perkin Elmer Spectrum GX) was used to analyze the functional groups present in the P(3HB-co-4HB) copolymer, collagen, and blend scaffolds. The spectra of each sample were obtained in the range of 4000-500 cm −1 at a resolution of 4 cm −1 . The spectral outputs were recorded in transmittance as a function of wave number.
Determination of Amino Groups Using Ninhydrin.
The collagen density on the P(3HB-co-4HB)/collagen scaffolds was determined using ninhydrin. Ninhydrin was used as an indicator to qualitatively and quantitatively detect the presence of NH 2 groups on the P(3HB-co-4HB)/collagen scaffolds. The scaffolds fabricated were cut into 10 mm × 10 mm and immersed in 1.0 mol/L ninhydrin/ethanol solution. The pieces of scaffolds were later placed in glass tubes and heated at 80 ∘ C using Memmert water baths (Memmert GmbH, Germany) for 10 mins for accelerating the reaction between ninhydrin and amino groups. Later, 5 mL of chloroform was quickly added to the tube to dissolve the scaffolds. When the scaffolds displayed purple, 2-propanol (5 mL) was added to stabilize the blue compound. The OD was measured at 560 nm. A calibration curve using known concentration of 1,6-hexanediamine in chloroform/2-propanol (1/1, v/v) was obtained.
Organic Elemental Analysis (CHN).
The organic elemental analysis is conducted to measure the C, H, and N content in the scaffolds fabricated using the CHN Elemental Analyzer 2400 Series II with AD-6 Autobalance (PerkinElmer, USA). The elemental analyzer was operated with constant helium flow as the carrier gas. The heating temperature was maintained constant at 925 for the combustion column and 640 ∘ C for the reduction column. Approximately 2 mg of sample is used for each measurement. The samples are weighed using AD-6 Autobalance (PerkinElmer, USA). Cystine was used as the standard.
Water Contact Angle Determination.
The contact angles of the fabricated scaffolds were measured using KSV CAM 101 Series Drop Shape Analysis Contact Angle Meter. The scaffolds were placed flat and a droplet of distilled water was placed on the scaffold by pressing the dropper. The drop was observed on the computer screen and the value of the contact angle was calculated using the computer.
Scanning Electron Microscopy (SEM).
The morphologies of the films and scaffolds were also observed using scanning electron microscopy (SEM) (Leo Supra 50 VP Field Mission SEM, Carl-Ziess SMT, Oberkochen, Germany). The dried samples were mounted on aluminium stumps coated with gold in a sputtering device before viewing under the SEM.
In Vitro Cytotoxicity Evaluation.
Various P(3HB-co-4HB)/collagen blend scaffolds were cut in size (6 mm in diameter) fitting the 96-well flat bottom culture plate and sterilized under GERMICIDE UV Steriliser (CA-MI, Italy) for 1 hour. The scaffolds were then placed in the 96-well flat bottom culture plate. Cells were seeded at 5 × 10 4 cells/mL and were incubated in a 5% CO 2 incubator at 37 ∘ C for 24 and 72 h. The cells viability and proliferation were assayed with MTS (3-(4,
International Journal of Polymer Science 3 Table 1 : Endotoxin levels present in the P(3HB-co-4HB) scaffolds recovered by the chloroform extraction method before and after pyrogen removal.
Polymer
Endotoxin before pyrogen removal (EU/g) Endotoxin after pyrogen removal (EU/g) P(3HB-co-20% 4HB)
16 ± 2 0.5 ± 0.1 P(3HB-co-35% 4HB)
16 ± 1 1 . 0 ± 0.2 P(3HB-co-50% 4HB) 32 ± 2 1 . 0 ± 0.3 P(3HB-co-82% 4HB)
16 ± 1 0.5 ± 0.1
Results and Discussion

Pyrogen Removal.
Pyrogen removal was required since PHA polymers produced by Gram-negative bacteria are known to exhibit the presence of endotoxins [12] . The endotoxin levels of the copolymers before and after pyrogen removal are shown in Table 1 . The copolymers recovered by the chloroform extraction method recorded endotoxin levels in the range of 16-32 EU/g. Rapid decrease in endotoxin value was seen after pyrogen removal (0.5-1 EU/g). According to the US Food and Drug Administration guideline, the range of endotoxin permitted in PHA used for medical applications should possess 4-5 EU/g [13] . Therefore, the P(3HB-co-4HB) copolymers produced here were suitable for in vivo applications after endotoxin removal.
Fabrication of P(3HB-co-4HB)/Collagen Blend by Simple
Blending. The fabrication of P(3HB-co-4HB)/collagen blend scaffold was carried out by facile blending combining two different solvents. This method was modified from previous work carried out [14] . Conversely, in another study, a single common solvent was used to dissolve both P(3HB-co-4HB) and collagen using 1,1,3,3,3-hexafluoro-2-propanol (HFIP) to fabricate P(3HB-co-4HB)/collagen blend by simple blending technique [12] . In fabricating blends, these solvents present a challenge to be completely removed from the scaffolds as strong hydrogen bonds can be formed with the blend. Moreover, recent research has suggested that collagen fibers from HFIP lack native ultrastructure [15] . Thus, a judicious choice of using these two different solvents which could mimic the nature of toxic solvents such as HFIP was used. Here, two different solvents were combined in the solution processing to fabricate the P(3HB-co-4HB)/collagen blend. The P(3HB-co-4HB) copolymer was dissolved in chloroform whereas the collagen which was soluble in acidic solvents was dissolved in glacial acetic acid (3 mL). Since the organic solvent chloroform was used to dissolve P(3HB-co-4HB), the presence of water was prevented to avoid phase separation in the blend. The volume of acetic acid to chloroform was maintained at 2 : 13 in all the blending process in order to obtain a homogenous solution. The collagen content in the blend scaffold was only up to 15 wt% as further increment left large holes on the scaffold. This could be due to the fast evaporation rate of P(3HB-co-4HB) in chloroform as compared to collagen in acetic acid leaving behind large holes as the amount of collagen increases in the scaffold. 
Determination of Surface Chemical Composition on the P(3HB-co-4HB)/Collagen
Blend. The elemental analysis of C, H, and N is used to further determine the presence of N element present in the P(3HB-co-4HB)/collagen blend scaffolds. As it is, collagen which is a protein contains N element, whereas P(3HB-co-4HB) does not naturally contain N. Therefore, blending of collagen with P(3HB-co-4HB) will result in the presence of N in P(3HB-co-4HB)/collagen blends. Based on Table 2 , the incorporation of collagen onto the P(3HB-co-4HB) by simple blending technique was evident by observing the presence of N element through C, H, and N analysis. The copolymer without the incorporation of collagen did not have the additional nitrogen group. The analysis clearly shows the composition enhancement of N element in P(3HB-co-4HB)/5 wt% collagen blend scaffolds of 63.71% as compared to P(3HB-co-4HB) copolymer scaffold. Besides that, it was also observed that P(3HB-co-4HB)/collagen blend scaffolds recorded an increase in percentage of N element as the collagen concentration increased to 15 wt% recording an increase of 1.15-fold. Similar C, H, and N elemental analysis was carried out previously to determine the presence of N element on modified silica surface blended with mercaptopropyl [16] . FTIR studies were carried out to monitor chemical modifications on the P(3HB-co-4HB)/collagen blend scaffolds. All peaks corresponding to P(3HB-co-4HB) and collagen were observed. Based on the FTIR spectrum in Figure 1(a) , collagen was identified based on the presence of amide I band at 1634 cm −1 and amide II band at 1526 cm −1 . The broad band at 3300 in collagen is due to N-H stretching [17] . In the natural P(3HB-co-4HB) polymer (Figure 1(b) ), the characteristic absorption band at 1720 cm −1 was mainly due to ester carbonyl group [18, 19] . In P(3HB-co-4HB)/collagen blends, both amides I and II and ester carbonyl group were observed. The spectra of P(3HB-co-4HB)/collagen blends with different collagen concentration of 5-15 wt% (Figures  1(c)-1(e) ) were quite similar to each other but the changes in the content of collagen from 5, 10, and 15 wt% were revealed in the spectra with the changing proportion of collagen. Prominent change was the change in the amide I and amide II intensity as the collagen intensity increased.
Hydrophilicity of P(3HB-co-4HB)/Collagen Blend Using
Taguchi Method. The hydrophilicity was measured using water contact angle meter. Water contact angle was used to 4 International Journal of Polymer Science Figure 1 : FTIR spectra of simple blend scaffolds: (a) collagen, (b) P(3HB-co-4HB), (c) P(3HB-co-4HB)/5 wt% collagen, (d) P(3HB-co-4HB)/10 wt% collagen, and (e) P(3HB-co-4HB)/15 wt% collagen. Arrows 1, 2, and 3 indicate amide I, amide II, and ester group, respectively. characterize interfacial wetting phenomena which directly relates to the hydrophilicity of a biomaterial [20] . Studies have shown that increase in hydrophilicity is attributed to the possibility of improving the biocompatibility of a biomaterial scaffold [20] . The hydrophilicity of the P(3HB-co-4HB)/collagen blend scaffold was determined using water contact angle analysis. A number of research efforts have shown that comonomer composition [14] and collagen concentration [17] were investigated as potential factors affecting scaffold hydrophilicity. As shown in Table 3 , 4HB composition, collagen concentrations, and scaffold thickness were investigated. The scaffold thickness was also considered because a previous study using collagen-chitosan porous scaffold as wound dressing demonstrated scaffold thickness as potential factors improving wound healing [21] . Taguchi method is efficient in designing optimizing parameters over a variety of conditions [22] . Here, Taguchi design of L 32 (2 1 ×4 9 orthogonal array) was used to analyze the optimum scaffold fabrication parameters to get lowest water contact angle. The dependent variable is water contact angle which denotes hydrophilicity. A total of 32 responses (water contact angle) based on the designed parameters are shown in Table 4 . According to the ANOVA results (Table 5) , the parameters 4HB molar fraction and collagen concentration were found to be statistically significant at a confidence level of 95%.
International Journal of Polymer Science 5 However, it is evident that 4HB molar fraction contributes the highest with 50.93% to the water contact angle of the scaffold. The collagen concentration is the next contributing factor having 36.81% on water contact angle. Nevertheless, the result showed there were no significant interactions between the parameters tested.
The factorial analysis gave a predictive model which formed as an equation obtained by the Taguchi method shown as Water contact angle = +64. 16 
Based on the results generated using the Taguchi method, P(3HB-co-50 mol% 4HB)/15 wt% collagen with 0.1 mm thickness recorded the lowest water contact angle of 44.5
∘ . This was further proved by the SEM analysis carried out to determine the surface morphologies of the scaffolds. It was observed that the P(3HB-co-50 mol% 4HB)/15 wt% collagen blend surface (Figure 2(d) ) has more irregular large open pores with rougher surfaces as compared to the other P(3HB-co-4HB)/collagen blend surface (Figures 2(a)-2(c) ). The P(3HB-co-50 mol% 4HB)/5 wt% and P(3HB-co-50 mol% 4HB)/10 wt% collagen blend surfaces were wave-like with small closed-pores probably resulting from the evaporation of solvent during the fabrication of the scaffold. However, it was evident that P(3HB-co-4HB) scaffold surface becomes more porous after blending. Rougher surface was observed as the collagen concentration increased from 5 to 15 wt% as compared to P(3HB-co-4HB) scaffold without collagen (Figures 2(a)-2(d) ). Previous research exhibited porous P(3HB-co-4HB) scaffolds with improved wettability after blending with collagen [12] . Thus, the surface porosity increases and at the same time increases the surface area of the scaffolds which contributes to enclosing large amount of water on the surface. However, the fast evaporation of chloroform as compared to International Journal of Polymer Science the acetic acid used in fabricating the blend left large visible holes on the scaffold blends. Figures 3(a)-3(d) show the static contact angles for water drops on 0.1 mm thick P(3HB-co-50 mol% 4HB), P(3HB-co-50 mol% 4HB)/5 wt% collagen, P(3HB-co-50 mol% 4HB)/10 wt% collagen, and P(3HB-co-50 mol% 4HB)/15 wt% collagen blends. The static water contact angles of water for the various substrates were measured in various sample locations. The decrease in contact angle from P(3HB-co-50 mol% 4HB) to P(3HB-co-50 mol% 4HB)/15 wt% collagen was evident. The contact angle is quantified as the angle formed by the intersection of the liquid-solid interface. Figure 3(d) shows the smallest contact angle (44.5 ∘ ) as the water droplet spreads on the surface as compared to the large contact angle observed in Figure 3(a) [73. 2 ∘ ] when the water droplet beaded on the surface. It can be seen that as the collagen concentration increases, the water contact angle decreases.
Biocompatibility and Cytotoxicity of P(3HB-co-4HB)/Collagen Blend Scaffolds via In Vitro Cell Proliferation.
The ability to support attachment and promote proliferation of cultured cells is a prerequisite of a functional biomedical scaffold. In order to evaluate cellular behavior or cell growth, L929 fibroblasts cells were seeded onto the various P(3HB-co-4HB)/collagen blend scaffolds fabricated. In general L929 cell numbers increased on all scaffolds over the time period of 3 days as compared to the initial seeding. Incorporation of collagen was found to further improve cytocompatibility. Cell counts on collagen blends improved greatly compared with those without collagen (Figure 4 ). This was also evident with increasing collagen concentration recording highest proliferation rate of cells with scaffolds blend of 15 wt% collagen. This can be attributed to the fact that collagen has high water affinity, low antigenicity, and a key element in extracellular matrix (ECM) which contributes to the good cell compatibility [23] . This was further supported by previous research which reported collagen to stimulate differentiation of cartilage tissue [24] . The P(3HB-co-50 mol% 4HB)/collagen blend scaffold showed significantly higher proliferation rate with various collagen concentration than other scaffold blends. At 15 wt% collagen concentration, 0.1 mm thick and 0.2 mm P(3HB-co-50 mol% 4HB)/collagen blend scaffold measured a significantly higher cell number (>1.62-fold and >1.38-fold, resp.) than the initial seeding for the L929. Proliferation of cells on the PHA scaffolds increased in the order of P(3HB-co-20 mol% 4HB) < P(3HB-co-35% 4HB) < P(3HB-co-82 mol% 4HB) < P(3HB-co-50 mol% 4HB) for both 0.1 and 0.2 mm scaffold thickness. The results correlate with the similar pattern of increase in hydrophilicity. The highest hydrophilicity of 44.5 ∘ (Figure 3(d) ) is recorded by P(3HB-co-50 mol% 4HB)/15 mg collagen blend scaffold. Interestingly, the fibroblast cell proliferation was also found to be influenced by the thickness of the scaffolds. It can be observed that 0.1 mm thick P(3HB-co-4HB)/collagen blend scaffold showed an increase in proliferation rate as compared to 0.2 mm collagen scaffolds for L929 fibroblast cells (Figures  4(a) and 4(b) ). The results indicate that optimization of film thickness could produce significant enhancements in initial adhesion and subsequent growth of the L929 cells. Similar observation has been reported earlier where growth rate of human aortic endothelial cells (HAEC) on poly(vinylacetic acid) scaffold was dependent on film thickness and cell proliferation increased as the film thickness decreased to 0.2 × 10 −3 mm [25] . It has been reported that degree of roughness could increase protein adsorption and cell attachment, hence providing anchorage as well as space for cell growth [26] . Notably, surface roughness greatly influences the interactions between cells and materials [27] . The surface morphology observed with SEM analysis also indicated a rough and porous surface of P(3HB-co-50 mol% 4HB)/15 mg collagen blend scaffold (Figure 2(d) ) which explains the highest hydrophilicity, thus contributing to the highest proliferation rate on this collagen blend scaffold ( Figure 5 ).
Conclusion
Collagen was incorporated onto the P(3HB-co-4HB) copolymer to enhance the hydrophilicity for application in tissue engineering. Dual solvent system was adapted to minimize the use of toxic solvents. FTIR, CHN analysis, and SEM analysis were carried out to further confirm the modification process. Various parameters such as collagen concentration, thickness of the scaffold, and 4HB molar fraction were investigated in fabricating a scaffold with increases of hydrophilicity as an ideal scaffold material in tissue engineering. The parameters were optimized using Taguchi method. It can be deduced that the P(3HB-co-4HB)/collagen blend scaffold with increased collagen concentration of up to 15 wt%, with molar fraction of 50 mol% and thickness of 0.1 mm, increased hydrophilicity and thus increased the L929 cell proliferation on the surface. This study shows that surface modification by blending biomacromolecules can enhance the biocompatibility of a polymeric material.
